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ABSTRACT 
Computer p rograms  h a v e  b e e n  d e v i s e d  which p e r m i t  more 
e f f e c t i v e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  Mossbauer  E f f e c t  
s p e c t r a .  Peaks  r e p r e s e n t i n g  t h e  p r e d o m i n a n t  p h a s e  i n  s t a i n l e s s  
s t ee l s  h a v e  h e r e t o f o r e  overshadowed p e a k s  r e p r e s e n t a t i v e  o f  
minor  p h a s e s .  The computer  t e c h n i q u e s  d e v e l o p e d  d u r i n g  t h i s  
s t u d y  a l l o w s  one  t o  d i f f e r e n t i a t e  be tween  t h e s e  d a t a  u t i l i z i n g  
a n  i t e r a t i v e ,  i n t e g r a t i o n ,  compar i son  p r o c e d u r e .  
0 A d d i t i o n a l  i n f o r m a t i o n  c o n c e r n e d  w i t h  885 F e m b r i t t l e m e n t  
ih f e r r i t i c  s t a i n l e s s ' s t e e l s  was o b t a i n e d .  
INTRODUCTION 
~ o s s b a u e r  E f f e c t  Spectroscopy had i t s  beginn ing  i n  1958 wi th  
t h e  p u b l i c a t i o n  of "Kernresonanzfluoreszenz von Gammastrahlung i n  
Irl 9 1 $I (1)" by Rudolph Mossbauer, a  g radua te  s t u d e n t  a t  t h e  
Max Planck I n s t i t u t e .  Space does  n o t  pe rmi t  an  exhaus t ive  
e x p l a n a t i o n  of t h i s  phenomenon. A s  b r i e f l y  a s  p o s s i b l e  w i l l  be 
given what t h e  w r i t e r s  cons ide r  t o  be t h e  most p e r t i n e n t  f a c t o r s  
r ega rd ing  t h e  ~ z s s b a u k . r  E f f e c t .  
e. 
The Mossbauer E f f e c t  i s  a  r e s o n a n t  emiss ion-absorp t ion  
p roces s .  Rad ia t ion  emi t t ed  from a nuc leus  i s  absorbed and 
re -emi t ted  by ano the r  nuc leus  of  t h e  same i s o t o p e .  The p r i n c i p l e  
i s  d e c e p t i v e l y  s imple ;  however, u n t i l  r e c e n t  y e a r s  o b s e r v a t i o n s  
of n u c l e a r  r e sonan t  emiss ion-absorp t ion  have been l i m i t e d  ( 2 ) .  
The main f a c t o r  which caused t h i s  s i t u a t i o n  is t h e  r e l a t i v e  
s i z e  of t h e  r e c o i l  energy t o  t h e  width  c f  t h e  emi t t ed  y-rays  ( 3 ) .  
G s s b a u e r  found' t h a t  t h e  r e c o i l  energy can be e l i m i n a t e d  by  
p l a c i n g  t h e  atoms i n  a  c r y s t a l  l a t t i c e  (1). Under c e r t a i n  
c o n d i t i o n s  t h e  y-ray emiss ion and a b s o r p t i o n  i s  r e c o i l l e s s .  
 his 
r e c o i l l e s s  p roces s  ;ccurs whenever t h e  energy of t h e  r e c o i l  i s  
i n s u f f i c i e n t  t o  cause  e x c i t a t i o n  of a. v i b r a t i o n a l  mode of t h e  
I 
c r y s t a l .  Without energy l o s s  due t o  r e c o i l ,  r e sonan t  emission- 
*The numbers i n  pa ren theses  p e r t a i n  t o  r e f e r e n c e s  
a t  t h e  endq of t h i s  paper .  
absorpt ion  i s  r e a d i l y  observable .  Now by modulating t h e  y-rays 
emit ted by t h e  source ,  a  spectrum of ene rg ies  around t h e  
absorpt ion  peak may be  taken.  When examining ~ ' d s s b a u e r  s p e c t r a ,  
peak s h i f t s  and o t h e r  e f f e c t s  become evident .  
There a r e  t h r e e  d i f f e r e n t  e f f e c t s  which a r e  of i n t e r e s t ;  
they a r e  isomer s h i f t ,  quadrupole s p l i t t i n g ,  and magnetic s p l i t t i n g .  
Isomer s h i f t  occurs  whenever impurity elements a r e  p resen t  i n  
e i t h e r  t h e  source o r  she absorber  ( 3 ) .  The isomer s h i f t  of an 
i so tope  i s  a  func t ion  of t h e  change i n  e l e c t r o n  dens i ty  a t  t h e  
nucleus.  Thus, when impurity elements a r e  added t o  t h e  source 
o r  t h e  absorber t h e  e l e c t r o n  d e n s i t y  is changed and a  peak s h i f t  
occurs .  
Quadrupole s p l i t t i n g  a r i s e s  from t h e  nuclear  quadrupole 
moment. This moment i s  a  r e s u l t  of a  nonspherical  charge 
d i s t r i b u t i o n  around t h e  nucleus.  The e f f e c t  of t h e  nonspherical  
charge d i s t r i b u t i o n  causes two of t h e  nuclear  energy l e v e l s  t o  
be  resolved.  This i s  evident  because t h e - s i n g l e  resonant  peak 
becomes two resonant  peaks. Quadrupole s p l i t t i n g  depends p r i m a r i l y  
upon t h e  d  e l e c t r o n s  whereas t h e  isomer s h i f t  depends mainly 
upon t h e  s e l e c t r o n s  ( 3 ) .  
Magnetic s p l i t t i n g  i s  caused by t h e  magnetism of each a tom ' s  
own e l e c t r o n s .  This  e f f e c t  causes 6 of t h e  8 p o s s i b l e  nuclear  
t r a n s i t i o n s  t o  be  resolved.  This s i x  peak p a t t e r n  i s  c h a r a c t e r i s t i c  
of ferromagnetic and ant i - fe r romagnet ic  m a t e r i a l s .  The v e l o c i t y  
spread between var ious  p a i r s  of peaks ( cen te r  p a i r ,  middle p a i r ,  
and ou t s ide  p a i r )  i n d i c a t e  t h e  s i z e  of t h e  i n t e r n a l  magnetic 
f i e l d s  ( 3 ) .  
Sometimes t h e  o u t s i d e  p a i r  of peaks do not show a common 
midpoint with t h e  o t h e r  p a i r s  of peaks. This i s  due t o  t h e  
e f f e c t  of quadrupole coupling. Most commercial ferromagnetic 
m a t e r i a l s  c o n s i s t i n g  of s e v e r a l  phases w i l l  e x h i b i t  t h i s  d i f f e r e n c e  
of midpoint. Some oxides of i r o n  a l s o  e x h i b i t  combined quadrupole 
and magnetic e f f e c t s  ( 4 ) .  These t h r e e  e f f e c t s ,  isomer s h i f t ,  
quadrupole s p l i t t i n g ,  and magnetic s p l i t t i n g ,  a r e  t h e  most u s e f u l  
p r o p e r t i e s  f o r  t h e  a p p l i c a t i o n  of ~ z s s b a u e r  E f f e c t  t o  me ta l lu rg ica l  
problems. 
Uses of Mgssbauer E f f e c t  
-- 
An e x c e l l e n t  r e fe rence  f o r  a l l  uses of ~ G s s b a u e r  spectroscopy 
i s  - The Mb'ssbauer E f f e c t  Data Index 1956-1965 (4)  . Our purposes 
-
h e r e  may b e s t  be  served by r e s t r i c t i n g  our  d i scuss ion  of uses t o  
examples which were ins t rumenta l  i n  prompting t h e  p r e s e n t  
i n v e s t i g a t i o n .  
Marcus e t  a 1  (5) used ~ ' d s s b a u e r  spectroscopy t o  study 
p rec . ip i t a t ion  i n  s t a i p l e s s  s t e e l s  and maraging s t e e l s .  Extensive 
use was made of t h e  hyperf ine  magnetic s t r u c t u r e .  Since a u s t e n i t e  
e x h i b i t s  a  paramagnetic peak,pointwise i n t e g r a t i o n  was t r i e d  t o  
determine t h e  pe rcen t  r e t a i n e d  a u s t e n i t e  i n  a  mar tens i t e  matr ix .  
No p r e c i p i t a t e s  were r epor ted  i n  t h e  two phase a l l o y s .  A s  was 
l a t e r  repor ted  by o t h e r s  ( 6 ) ,  t h e  paramagnetic peak of t h e  
p r e c i p i t a t e d  ( (CrFe) ,, C, ) rjas masked by t h e  a u s t e n i t e  peak. 
A s tudy of cementi te  was conducted by Ron e t  a 1  ( 7 )  using 
t h e  ~ o s s b a u e r  E f f e c t .  They found a  s i x  peak hyperf ine  s t r u c t u r e  
of Fe,C along with a  paramagnetic component. The spectrum of 
ca rb ide  separated by H C 1  exh ib i t ed  only t h e  c e n t r a l  paramagnetic 
peak which turned ou t  t o  be a  doublet .  Although no t  s t a t e d  l n  
t h i s  r e fe rence ,  a  c e n t r a l  double t  should be expected from a  
paramagnetic Fe3C. This  should be t h e  case  because of non- 
symmetrical charge d i s t r i b u t i o n s  causing quadrupole s p l i t t i n g .  
The next  case t o  b e  c i t e d  i l l u s t r a t e s  t h e  need f o r  a  new method 
f o r  analyzing t h e  raw d a t a  obtained by MGssbauer spectroscopy. 
The example t o  be d iscussed  i s  the  s e n s i t i z a t i o n  of s t a i n l e s s  
s t e e l ,  
When a u s t e n i t i c  s t a i n l e s s  s t e e l s  a r e  he ld  i n  a temperature 
range of 9 0 0 ' ~  t o  1 5 0 0 ' ~  an i n t e r n a l  r e a c t i o n  occurs  which leaves  
t h e s e  s t e e l s  vulnerable  t o  i n t e r g r a n u l a r  cor ros ion .  S t rauss  
e t  a 1  (8) suggested t h a t  t h e r e  i s  a chromium dep le t ion  i n  t h e  g r a i n  
boundary a r e a s  due to*carbi .de p r e c i p i t a t i o n .  More r e c e n t l y ,  
A l b r i t t o n  (6) used Mzssbauer spectroscopy t o  shed new l i g h t  on 
t h i s  s u b j e c t ,  
A l b r i t t o n  found t h a t  a h ighly  s t r e s s e d  ferromagnetic phase,  
pseudomartensite,  develops a s  ca rb ides  a r e  p r e c i p i t a t e d  i n  f u l l y  
a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Thus, a f t e r  s e n s i t i z a t i o n  has  
occured, what had been a s i n g l e  phase a l l o y  now had become a 
t h r e e  phase a l l o y .  The presence of two of t h e s e  phases was 
c l e a r l y  evident  from t h e  Mgssbauer s p e c t r a .  Both t h e  c h a r a c t e r i s t i c  
and f a m i l i a r  paramagnetic peak of a u s t e n i t e  and t h e  newly determined 
ferromagnet ic  peaks of t h e  pseudomartensite could be noted. Absent, 
however, was any evidence of a peak o r  peaks denoting t h e  presence 
of  t h e  carb ides .  By using a very laborious'chemical e x t r a c t i v e  
technique and i r r a d i a t i n g  t h e  r e s i d u e s ,  t h e  paramagnetic ~ ' d s s b a u e r  
peak f o r  t h e  carb ides  was made evident .  I t s  p o s i t i o n  on t h e  
~ X s s b a u e r  spectrum was completely masked by t h e  much l a r g e r  and 
broader paramagnetic peak of a u s t e n i t e .  C lea r ly ,  i f  some means 
could be devised t o  more e f f e c t i v e l y  " s i f t "  t h e  raw d a t a  obtained 
by ~ G s s b a u e r  E f f e c t  spectroscopy,  new s t r e n g t h  would b e  added t o  
an a l r eady  powerful r e sea rch  t o o l .  Such was t h e  p r i n c i p a l  o b j e c t i v e  
of t h i s  i n v e s t i g a t i o n .  
I n  car ry ing  o u t  t h e  p r i n c i p a l  o b j e c t i v e  of t h e  i n v e s t i g a t i o n  
a second o b j e c t i v e  was a l s o  r e a l i z e d .  Appl ica t ion  of t h e  techniques 
soon. t o  be descr ibed  pesul ted  i n  a d d i t i o n a l  information concerning 
8 8 5 ' ~  embrit t lement i n  f e r r i t i c  s t a i n l e s s  s t e e l s .  
The phenomenon of 8 8 5 ' ~  embrit t lement is  perhaps t h e  l e a s t  
understood of t h e  s o l i d  s t a t e  r e a c t i o n s  known t o  occur i n  s t a i n l e s s  ' 
s t e e l s .  The Group I1 f e r r i t i c  s t a i n l e s s  s t e e l s  a r e  t h e  most prone 
t o  s u f f e r  d e l e t e r i o u s  e f f e c t s  a s  a  r e s u l t  of t h i s  r e a c t i o n ,  b u t  
embri t t lement  of two phase, a u s t e n i t i c - f e r r i t i c  m a t e r i a l s  has  
been repor ted  (9 , lO) .  Changes occur i n  such phys ica l  p r o p e r t i e s  
a s  s p e c i f i c  g r a v i t y ,  magnetic coerc ive  fo rce ,  and e l e c t r i c a l  
r e s i s t i v i t y  (11). Hardness and t e n s i l e  s t r e n g t h  va lues  inc rease  
while  impact s t r e n g t h  and d u c t i l i t y  decrease ( 1 2 ) .  co r ros ion  
r e s i s t a n c e  i s  a l s o  Lowered ( 1 3 ) .  These a l t e r a t i o n s  of m a t e r i a l  
p r o p e r t i e s  a r e  accomplished e i t h e r  by sus ta ined  hea t ing  i n  t h e  
c r i t i c a l  temperature range o r  by slow cool ing through t h i s  range. 
A l l  of these  e f f e c t s  however can be q u i t e  r e a d i l y  removed by 
.' . 
hea t ing  t o  1 1 0 0 ' ~  f o r  a  pe r iod  of time followed by a  r a p i d  coo l .  
The e m b r i t t l i n g  tempera ture  range  i s  g e n e r a l l y  given 
a s  700°F t o  1 0 0 0 ~ ~ .  A t  what t empera ture  t h e  maximum e f f e c t  
o c c u r s ,  a s  shown by an i n c r e a s e  i n  ha rdness ,  i s  dependent 
p r i m a r i l y  on t h e  chromium c o n t e n t .  But,  r e g a r d l e s s  of chromium 
c o n t e n t ,  t h e  maximum r a t e  of  occurence supposedly happens a t  
88SqF; hence t h e  name. T i s i n a i  and Samans (14) r e p o r t  t h a t  under 
c e r t a i n  c o n d i t i o n s ' t h e  maximum r a t e  may occur  a s  h i g h  a s  930°F. 
A complete exp lana t ion  o f  t h i s  r e a c t i o n  h a s  no t  y e t  been 
g iven .  Order ing ,  t h e  presence  of minor phases  n o t  a s s o c i a t e d  wi th  
t h e  Fe-Cr system, and p r e c i p i t a t i o n  hardening  have a l l  been 
suggested a s  t h e  p r i n c i p a l  mechanism. ~ e n e r a l  accep tance  h a s ,  
however, been g iven  on ly  t o  t h e  t heo ry  of p r e c i p i t a t i o n  hardening  
o r  aging.  
F i s h e r  e t  a 1  (15) deter-mined t h a t  a  body-centered cub ic  
phase ,  r i c h  i n  chromium, p r e c i p i t a t e s  from f e r r i t e  and i s  
r e s p o n s i b l e  f o r  t h e  e m b r i t t l i n g  e f f e c t .  Moreover, it h a s  been 
sugges ted  by Heger ''(16) t h a t  t h i s  phase  i s  of  a  t r a n s i t o r y  n a t u r e  
and,  under c o n d i t i o n s  of t r u e  e q u i l i b r i u m ,  w i l l  e v e n t u a l l y  t r ans fo rm 
- 
t o  t h e  sigma phase .  
Support  f o r  t h e s e  f i n d i n g s  h a s  been g iven  by Lena and 
Hawkes ( 1 7 ) ,  Brown and Connoly (18) kho a l s o  no te  t h a t  t h i s  phase  
i s  nonmagnet ic) ,  and T i s i n a i  and' Samans ( 1 4 ) .  The l a s t  named 
a u t h o r s  b e l i e v e  t h e  p r e c i p i t a t e  t o  b e  coheren t  wi th  t h e  m a t r i x  
and never  l o s e s  t h i s  coherency a t  any t ime.  F u r t h e r ,  t hey  a r e  
n o t  q u i t e  c e r t a i n  t h e  p r e c i p i t a t e  i s  r e s p o n s i b l e  f o r  t h e  hardening 
e f f e c t  and t h e y  s t a t e  t h a t  p r i o r  fo rmat ion  of chromium c a r b i d e  
reduces  8 8 5 ' ~  embr i t t l ement .  
Malone (19) h a s  s t a t e d  t h a t  t h e  p r i o r  p r e c i p i t a t i o n  of 
chromium c a r b i d e  and then  ag ing  a t  8 8 5 ' ~  produces  l i t t l e  o r  no 
change i n  impact s t r e n g t h  b u t  does  i n c r e a s e  t e n s i l e  and y i e l d  
s t r e n g t h s :  From t h e s e  d a t a  h e  concludes  t h a t  t h e  e f f e c t s  of 
885OF embr i t t l ement  and sigma embr i t t l ement  a r e  a d d i t i v e ;  a l l  
of which seems t o  i n d i c a t e  t h a t  t h e  phase  i n  q u e s t i o n  i s  no t  a  
t r a n s i t o r y  phase  i n  t h e  format ion  of  sigma. 
~ i l l ' i a m s  and Paxton (20) a r e  even more emphatic i n  t h e i r  
b e l i e f  t h a t  t h e  p r e c i p i t a t e  i s  of a  n o n - t r a n s i t o r y  n a t u r e .  They 
have sugges ted  a  phase  diagram f o r  t h e  Fe-Cr system t h a t  i n c l u d e s  
a e u t e c t o i d  and monotectoid - in t h e  sigma r e g i o n  of t h e  diagram. 
I n  summary t h e n ,  it i s  g e n e r a l l y  agreed  t h a t  a  p r e c i p i t a t e ,  
r i c h  i n  chromium and having a  body-centered cub ic  s t r u c t u r e  w i th  
a  l a t t i c e  parameter  on ly  0.2 p e r c e n t  l a r g e r  t han  t h e  ma t r ix ,  
forms when f e r r i t i c  s t a i n l e s s  s t . e e l s  a r e  s u b j e c t e d  t o  t h e  
tempera ture  range of 7 0 0 ' ~  - 1OOO0F. '1n q u e s t i o n  i s  t h e  r e l a t i o n  
of  t h i s  p r e c i p i t a t e d  phase  t o  t h e  sigma phase  and whether 
s e n s i t i z a t i o n  reduce t h e  s u s c e p t a b i l i t y  of a  m a t e r i a l  t o  8 8 5 ' ~  
embr i t t l ement .  
Experimental  Equipment and M a t e r i a l s  
The s t a i n l e s s  s t e e l  f o i l s  used i n  t h i s  i n v e s t i g a t i o n  were 
t ypes  301, 347, 430 and 446. The t y p e s  301 and 430 were r ece ived  
i n  t h e  a s - r o l l e d  c o n d i t i o n  whereas t h e  t y p e s  347 and 446 were 
ob ta ined  i n  t h e  annealed c o n d i t i o n .  S e l e c t e d  samples of  t ypes  
301 and 430 were annea led  by recommended procedures  f o r  l a t e r  
use.  Composition of t h e  f o i l s  a r e  shown i n  Table I .  
TABLE I 
Composition of F o i l s  
A v e l o c i t y  sweep-type ~ ' d s s b a u e r  spec t rometer  was used employing 
a  source  of ~ 0 ~ ~ i . n  a  copper ma t r ix .  The d a t a  ob ta ined  w e r e  s t o r e d  
i n  a  400 channel  ana lyze r  from which a  read-out  could b e  made by  
a d i g i t a l  p r i n t e r .  The raw d a t a  s o  ob ta ined  were then  ana lyzed  
by an IBM system 360 computer and a  Calcomp 563 p l o t t e r .  
Experimental  Procedure  
A l l  o f  t h e  f o i l s  s t u d i e d  were s e a l e d  i n  Vycor t ub ing  wi th  an  
argon atmosphere. This  was accomplished by evacua t ing  t h e  t u b i n g  and 
t h e n ' f i l l i n g  t h e  t ube  wi th  argon.  Such was done s e v e r a l  t imes  t o  
i n s u r e  t h a t  a l l  ex t raneous  gases  were removed. The tub ing  was then  
s e a l e d  l e a v i n g  t h e  f o i l  i n  an argon atmosphere. Once encapsu la t ed ,  
t h e  specimens were p l aced  i n  a  fu rnace  main ta ined  a t  8 8 5 ' ~  10' 
f o r  t i m e s  shown i n  Table 11. A f t e r  ag ing ,  ~ v s s b a u e r  s p e c t r a  were 
o b t a i n e d  f o r  a l l  f o i l s .  These d a t a  were t hen  t r a n s f e r r e d  t o  IBM c a r d s  
f o r  a n a l y t i c a l  i n t e r p r e t a t i o n .  
C o m ~ u t e r  Prourams 
I n  o r d e r  t o  compare ~ z s s b a u e r  s p e c t r a ,  t h e  e f f e c t s  of  v a r i o u s  
e r r o r s  must be  e l imina t ed .  Some of t h e s e  e r r o r s  a r e  v a r i a t i o n s  
i n  count ing  t imes ,  d i f f e r e n c e s  i n  fo i l .  t h i c k n e s s e s ,  and v a r i a t i o n s  
of  background r a d i a t i o n .  C e r t a i n  c o n d i t i o n s  were assumed t o  e x i s t  
s o  a s  t o  f a c i l i t a t e  removal of t h e s e  e r r o r s .  
I t  was assumed t h a t  t h e  n a t u r a l  p e r c e n t  occur rence  of ~ e ~ ~  
remained c o n s t a n t  throughout  a  p a r t i c u l a r  h e a t  of  s t e e l .  A s - a  
r e s u l t  of t h i s  assumption,  it would b e  expected t h a t  t h e  t o t a l  
a b s o r p t i o n  o r  i n t e g r a t e d  i n t e n s i t y  of two ~ g s s b a u e r  s p e c t r a  would 
be t h e  same i f  t h e  s p e c t r a  had been accumulated f o r  t h e  same l e n g t h  
of  t ime.  However, s i n c e  it i s  very d i f f i c u l t  t o  o b t a i n  "equa lu  
TABLE I1 
Mechanical and Thermal His to ry  of F o i l s  
Condition 
rece ived  
Annealed 
Annealing 
t rea tment  
None 
' None 
None 
Hours a t  
885' F 
accumulat ion t ime,  t h e  e f f e c t  of d i f f e r e n t  count ing  times must be 
removed o r  reduced t o  a  low l e v e l .  One method suggested f o r  
accomplishing t h i s  is normal iz ing  t h e  s p e c t r a  ( 2 ) .  I£ I (a) i s  t h e  
i n t e n s i t y  o r  count ing  r a t e  i n  a  channel  i n  which t h e r e  i s  no 
r e sonan t  abso rp t ion  and I ( v )  i s  t h e  i n t e n s i t y  i n  t h e  channel  
corresponding t o  t h e  v e l o c i t y ,  v ,  t hen  no rma l i za t ion  i s  accomplished 
b y  t a k i n g .  1 ' (v)  = I (v)  /I (a) . However, c e r t a i n  equipment e r r o r s  
might occur  which would change t h e  amount of background r a d i a t i o n  
(some o f  t h e  x-rays  may be d e t e c t e d ) .  When comparing two s p e c t r a .  
t h i s  e r r o r  may b e  removed by  f o r c i n g  t h e  i n t e g r a t e d  i n t e n s i t i e s  of  
bo th  normalized s p e c t r a  t o  be t h e  same. This  may b e  accomplished 
by  us ing  one spectrum a s  a  r e f e r e n c e  d a t a  s e t  and by changing t h e  
comparison d a t a  s e t  (second spectrum) accord ing  t o  t h e  form 
where 
I ' (x)  +D 
I" (x) = - 1 + D  
x = channel  number, 
D = c o n s t a n t .  
The c o n s t a n t ,  D l  is de r ived  us ing  a  s imple  r e c t a n g u l a r  i n t e g r a t i o n  
of  absorbed i n t e n s i t y .  I f  t h e  i n t e g r a t e d  i n t e n s i t i e s  of ' t h e  
r e f e r e n c e  d a t a  s e t  and t h e  comparison d a t a  s e t  a r e  t h e  same, t hen  
D i s  ze ro .  I£  t h e  i n t e g r a t e d  i n t e n s i t i e s  a r e  n o t  t h e  same then  
D i s  given by 
where 1; (x) = i n t e n s i t y  of r e f e r e n c e  spectrum 
i n  channel  x, 
I & ( x )  = i n t e n s i t y  of comparison spectrum 
i n  channel  x.  
When bo th  t h e  r e f e r e n c e  spectrum and comparison spectrum a r e  on an 
equa l  b a s i s ,  a  p o i n t  by p o i n t  d i f f e r e n c e  may be computed t o  observe  
changes which have occur red .  
I t  was a l s o  b e l i e v e d  t h a t  a l l  l i n e  broadening e f f e c t s  would be 
approximately  equa l ,  s i n c e  t h e  tempera tures  of t h e  sou rce  and 
abso rbe r  remained e s s e n t i a l l y  c o n s t a n t .  The s p e c t r a  were taken 
. . 
i n  an  a i r - c o n d i t i o n e d  b u i l d i n g .  Thus, t h e  Doppler broadening 
due t o  temperature  remained c o n s t a n t  f o r  a l l  f o i l s .  Moreover, 
a l l  t h e  f o i l s  of a  p a r t i c u l a r  t ype  should have t h e  same 
/ 
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approximate g r a i n  s i z e .  Thus, g r a i n  s i z e  would n o t  cause  a  l i n e  
broadening e f f e c t .  The reason.  f o r  l i n e  broadening would be due 
t o  phases  which appear  a f t e r  ag ing .  
I n  o r d e r  t o  normal ize  ~ Z s s b a u e r  s p e c t r a  a  va lue  of I (a) 
must b e  c a l c u l a t e d .  The t e n  channels  on each end of t h e  s p e c t r a  
r e p r e s e n t  approximately  z e r o  r e sonan t  a b s o r p t i o n .  Therefore ,  
I ( w )  i s  taken a s  t h e  average  of t h e  f i rs t  t e n  and l a s t  t e n  
channe ls .  The s u b r o u t i n e  which does  t h i s  is  c a l l e d  BASE. Another 
sub rou t ine ,  N@RM, taken  I ( w )  from BASE and c a l c u l a t e s  t h e  normalized 
i n t e n s i t i e s .  
To complete a  b a s i c  a n a l y s i s ,  a  s u b r o u t i n e  des igna t ed  a s  
I N T C ~ M  t a k e s  a  r e f e r e n c e  d a t a  se t  and a comparison d a t a  s e t  and 
performs and i n t e g r a t i o n  and comparison. The va lue  of D ( ~ q .  2 )  
i s  c a l c u l a t e d  and t h e  comparison d a t a  s e t  i s  modif ied.  Then a  
p o i n t  by p o i n t  d i f f e r e n c e  i s  computed t o  i n d i c a t e  changes between 
t h e  r e f e r e n c e  d a t a  set and t h e  comparison d a t a  set .  The 
r e f e r e n c e  d a t a  s e t ,  comparison d a t a  s e t  and d i f f e r e n c e  a r e  
p l o t t e d  us ing  t h e  Calcomp 563 p l o t t e r .  I f  f u r t h e r  a n a l y s i s  i s  
i n d i c a t e d  by t h e  d i f f e r e n c e  p l o t ,  two more s u b r o u t i n e s  may be  
used,  These s u b r o u t i n e s  a r e  named CARBSP and FERSEP. CARBSP may 
b e  used t o  s e p a r a t e  t h e  e f f e c t  of  c a r b i d e s  i n  a u s t e n i t i c  steels 
w h i l e  FERSEP may b e  used t o  s e p a r a t e  a u s t e n t i t e  from 
pseudomar tens i te  and c a r b i d e s .  
CARBSP i s  used on ly  on a u s t e n i t i c  m a t e r i a l s  w i t h  no 
-> 
fe r romagnet ic  components and wi th  no l a r g e  degree  of quadrupole 
s p l i t t i n g .  The reason  t h a t  th.ese requirements  a r e  made i s  
t h a t  t h e  i n t e g r a t i o n  on ly  ex t ends  from channel  8 1  t o  channel  130. 
The va lue  of D f o r  t h i s  i n t e g r a t i o n  i s  ob ta ined  by r e p l a c i n g  t h e  
summation l i m i t s  wi th  8 1  and 130. D then  becomes 
The d i f f e r e n c e  i s  taken  j u s t  a s  i n  INTcGM. However, Lf t h e  
d i f f e r e n c e  i s  less than  -0.001 i n  any channel  between 80 and 130, 
t hen  t h e  a b s o l u t e  va lue  of t h e  d i f f e r e n c e  i s  added t o  t h e  
comparison spectrum i n  t h e  corresponding channe l .  A r eco rd  
i s  k e p t  of t h e s e  a d d i t i o n s .  Then t h e  comparison spectrum is  
i n t e g r a t e d  and compared a g a i n  t o  s e e  i f  any of t h e  d i f f e r e n c e  
f a l l s  below -0.001 i n  any channel  between 80 and 130. I f  t h e  
d i f f e r e n c e  does  f a l l  below -0.001 then  t h e  whole procedure  is 
r epea t ed  u n t i l  t h e  d i f f e r e n c e  has  no v a l u e s  l e s s  t han  -0.001 
.between channe ls  80 apd 130. The r eco rd  of t h e  va lues  added t o  
t h e  comparison spectrum i s  c a l l e d  CARB because  it r e p r e s e n t s  
t h e  e f f e c t  of paramagnet ic  c a r b i d e s  i n  t h e  a u s t e n i t i c  ma t r ix .  
When t h e  comparison d a t a  i s  changed i n  I N T C ~ M ,  CARB i s  changed 
us ing  t h e  same c o n s t a n t ,  D.  Th i s  i s  done t o  keep t h e  r i g h t  s i z e  
- 
r e l a - t i o n s h i p  between t h e  comparison d a t a  and CARB . 
One more sub rou t ine  was used i n  t h i s  p r e l i m i n a r y  s tudy .  
FERSEP was used t o  s e p a r a t e  a u s t e n i t e  from o t h e r  fe r romagnet ic  
and paramagnet ic  phases .  S p e c i f i c a l l y ,  it u s e s  t h e  r e l a t i v e  
i n t e n s i t i e s  of t h e  h y p e r f i n e  s t r u c t u r e  of pseudomar tens i te  t o  
p i c k  t h e  proper  pe rcen tage  of a u s t e n i t e  t o  b e  removed. I n  t h i s  
s u b r o u t i n e ,  a s  w e l l  a s  wi th  CARBSP, t h e  r e f e r e n c e  d a t a  s e t  must 
be p u r e  a u s t e n i t e .  L i s t i n g s  of t h e s e  s u b r o u t i n e s  a r e  given i n  
t h e  Appendix. 
I n  o r d e r  t o  remove t h e  a u s t e n i t e  peak,  an i t e r a t i o n  procedure  
was used.  The r e f e r e n c e  peak,  which i g  100% a u s t e n i t e ,  was 
sca led  down so  t h a t  when t h e  a u s t e n i t e  peak was sub t rac ted  from 
t h e  comparison spectrum, t h e  proper i n t e n s i t y  r a t i o  of t h e  second 
and t h i r d  most p o s i t i v e  peaks was obtained.  To s c a l e  down t h e  
a u s t e n i t e  peak, a  modified value f o r  D was needed. This  value 
i s  given by 
where 
2, -2, + (1-F) ( I - - z ~  ) D = .- 
1 - 1; (xi 1 
z ,  = miGimum value of second most p o s i t i v e  peak, 
2, = minimum value of t h i r d  most p o s i t i v e  peak, 
xi = channel i n  which 2, occurs ,  
1-2, 
F = ---- = peak h e i g h t  r a t i o  
1-2, 
- 
A s  a  check on i n t e g r a t i o n  procedures,  a  double p r e c i s i o n  
program was run ;sing t r apezo ida l  i n t e g r a t i o n .  The r e s u l t s  agreed 
with t h e  r e s u l t s  of r ec tangu la r  s i n g l e  p rec i s ion  i n t e g r a t i o n  down 
t o  t h e  s i x t h  decimal p lace .  This  was f a r  more accura te  than t h e  
p l o t t e r .  
Resu l t s  and  isc cuss ion 
The type 301 annealed f o i l s  exh ib i t ed  a  non-symmetrical 
d i f f e r e n c e ,  when t h e  aged f o i l s  were compared with t h e  annealed 
f o i l  which had not  been aged a s  i s  shown i n F i g .  1. The a rea  
which l i e s  below zero  rep resen t s  more aEsorption i n  t h e  aged s t e e l .  

 his type  of d i f f e r e n c e  was caused by a  s h i f t  i n  t h e  a u s t e n i t e  I 
I 
peak. Such a  s h i f t  could have been caused by s e v e r a l  f a c t o r s .  
I 
The most probable reason was ca rb ide  p r e c i p i t a t i o n .  Formation , 
of o phase was another  p o s s i b i l i t y .  The 0 phase has  been known 
t o  form i n  heav i ly  cold worked samples a f t e r  aging f o r  4  y e a r s  
a t  8 8 5 ' ~  b u t  such i s  ru led  o u t  i n  t h e  p r e s e n t  case  because 
of t h e  annealed condi t ion  and s h o r t  aging t ime. A t h i r d  
p o s s i b i l i t y  was 8 8 5 ' ~  embri t t lement ,  Malone (19) r e p o r t s ,  
however, t h a t  a u s t e n i t i c  s t e e l s  a r e  not  a f f e c t e d  by 8 8 5 ' ~  
embrit t lement.  This l e f t  only ca rb ide  p r e c i p i t a t i o n  a s  a  
p o s s i b i 1 i . t ~ .  A s  an a s i d e ,  t h e  ferromagnet ic  phase repor ted  
by A l b r i t t o n  (6) d i d  not  appear.  This may be  due t o  t h e  
longer aging t imes r e s u l t i n g  i n  r eve r s ion  of t h a t  phase back t o  
a u s t e n i t e .  
To check t h e  ca rb ide  theory i n  t h e  type  301 f o i l s ,  a  
s t a b l i z e d  grade was used. Type 347 exh ib i t ed  abso lu te ly  no 
change a s  i s  shown by Fig.  2 .  This a l s o  he lps  prove t h e  v a l i d i t y  
of t h e  computer procedure.  One .might suggest  t h a t  a  d i f f e r e n c e  
i n  counting t imes could have masked any change i n  the  type 347. 
An extreme case  was used t o  show t h a t  t h e  program e l iminated  
t h e  e f f e c t  of counting time (except f o r  s t a t i s t i c a l  s c a t t e r ) .  
A specimen of type  430 f o i l  i n  t h e  a s - r o l l e d  condi t ion  was used 
and two spec t ra  of t h e  same f o i l  were taken. One of t h e  s p e c t r a  
had a  value of 1 .5  x  lo6  counts f o r  I (a) while t h e  o t h e r '  had a  

value of 6.5 x lo6  f o r  I(=). The r e s u l t s  a r e  shown i n  F igures  
3 , 4 ,  & 5. The d i f f e r e n c e  i s  e s s e n t i a l l y  ze ro  except f o r  s c a t t e r .  
The type 301 a s - r o l l e d  f o i l s  ind ica ted  some complex r e a c t i o n .  
F i r s t  of a l l ,  some paramagqetic phase appeared which could be 
* 
ca rb ides ,  0 ,  o r  t h e  885' F phase. Secondly, t h e r e  was an i n c r e a s e  
i n  t h e  hyperf ine  f i e l d  i n d i c a t i n g  chromium dep le t ion  from the  
matr ix  ( see  Fig.  6 , 7 , 8 ) .  Another p o s s i b i l i t y  was t h a t  some of 
t h e  pseudomartensite r e v e r t e d  back t o  a u s t e n i t e .  This ,  however, 
could n o t  expla in  t h e  inc rease  i n  t h e  hyperf ine  f i e l d .  A t  t h e  
p r e s e n t  time t h i s  s i t u a t i o n  i s  s i m i l a r  t o  2 equat ion with 3 ( o r  
more) unknowns. The d i f f e r e n c e  produced by using annealed type  301 
a s  a  r e fe rence  has  almost no meaning. However, t h e  modified 
- 
d i f f e r e n c e  procedure c a l l e d  FERSEP can s e p a r a t e  t h e  a u s t e n i t e  
con ten t  i n  t h e  a s - ro l l ed  stee1.s. 
The more advanced programs t ake  t h e  d i f f e r e n c e  and s e p a r a t e  
t h e  phases.  The type 301 annealed f o i l s  were used with t h e  program 
CARBSP and t h e  e f f e c t s  of t h e  carb ide  p r e c i p i t a t i o n  were separa ted .  
The separa ted  phase was i n t e g r a t e d  t o  f i n d  t h e  percent  ~ e ' ?  i n  
t h a t  phase. The peaks which were separa ted  rep resen t  t h e  a c t u a l  
phase p r e s e n t  and t h e  e f f e c t  of t h i s  phase on t h e  r e s t  of t h e  
matr ix .  I t  must b e  remembered t h a t  t h e  ~ z s s b a u e r  spectrum of 
ca rb ides  p l u s  a u s t e n i t e  i s  no t  n e c e s s a r i l y  t h e  spectrum of ca rb ides  
p l u s  t h e  spectrum of a u s t e n i t e .  The ca rb ides  (p lus  t h e i r  e f f e c t  . 
on t h e  pa ren t  matr ix)  r ep resen t  about 89/0 f o r  type 301 annealed 






p l u s  250 h r .  a t  8 8 5 ' ~  and a b o u t  11% f o r  t y p e  301 annea l ed  
p l u s  500 h r .  a t  8 8 5 ' ~  (see F i g .  9 ,  10 ,  1 1 ,  1 2 ) -  
The t y p e  301 a s - r o l l e d  f o i l s  w e r e  ana lyzed  u s i n g  FERSEP. 
Annealed t y p e  301 was used a s  a  b a s i s  t o  remove t h e  c e n t e r  peak 
B 
due t o  pa ramagne t ic  a u s t e n i t e .  The r e s u l t s  show t h a t  t h e  
a u s t e n i t e  peaks  o f  t h e  a s - r o l l e d  a l l o y s  have  been s h i f t e d  s l i g h t l y  
due t o  t h e  p r e s e n c e  of  t h e  p seudomar t ens i t e .  T h i s  p r e s e n t s  a  
I 
complex problem, T h e * r e f e r e n c e  peak must be s h i f t e d  t o  compensate 
f o r  t h e  e f f e c t  o f  t h e  p seudomar t ens i t e .  Thus f a r ,  t h i s  h a s  n o t  
been s u c c e s s f u l l y  done. However, t h e  p e r c e h t a g e  a u s t e n i t e  i n  t h e  
a s - r o l l e d  s teels  was c a l c u l a t e d  w i t h o u t  u s i n g  a  - r e f e r e n c e  peak 
s h i f t  and t h e  v a l u e s  o b t a i n e d  a r e  c l o s e  t o  t h e  a c c e p t e d  v a l u e  o f  
7 0 % , a u s t e n i t e  i n  " f u l l y  h a r d "  t y p e  301. Several .  v a l u e s  o f  
peak h e i g h t  r a t i o  were used.' w i t h i n  l i m i t s ,  t h e  peak h e i g h t  r a t i o ,  
F ,  d i d  n o t  make a  s i g n i f i c a n t  d i f f e r e n c e .  
The t y p e  446 f o i l s  c o n s t i t u t e  a  more i n t e r e s t i n g  c a s e .  The 
d i f f e r e n c e  y i e l d s  a  seven peak p a t t e r n  r a t h e r  t h a n  j u s t  a  s i x  peak 
p a t t e r n  a s  can b e  observed i n - F i g .  13.  The a g i n g  t empe ra tu r e  
and t ime  a t  t e m p e r a t u r e  do n o t  i n d i c a t e  t h a t  o cou ld  form. c a r b i d e s  
a r e , a l s o  r u l e d  ou-t because  f e r r i t i c  g r a d e s  a r e  h i g h l y  r e s i s t a n t  t o  
s e n s i t i z a t i o n  i n  t h i s  t empe ra tu r e  range .  The pa ramagne t ic  peak 
c l o s e  t o  channe l  100 must b e  due  t o  8 8 5 ' ~  e m b r i t t l e m e n t .  The 
i somer  s h i f t  o f  t h i s  peak i s  more n e g a t i v e  t h a n  t h e  peak f o r  p u r e  
a u s t e n i t e .  The isomer s h i f t  o f  t h e  8 8 5 ' ~  phase  i s  a l s o  'more 





nega t ive  than t h e  isomer s h i f t  of t h e  f e r r i t e  matr ix .  This  
i n d i c a t e s  t h a t  t h e  8 8 5 ' ~  phase has  a  g r e a t e r  e l e c t r o n  d e n s i t y  
than t h e  f e r r i t e  matr ix .  The s i x  peaks of t h e  hyperf ine  
b 
- s t r u c t u r & . a l s o  s h i f t  o u t  from t h e  cen te r  a f t e r  aging a t  8 8 5 ' ~ .  
This  sug{ests t h a t  t h e  matr ix  has  l o s t  some C r .  ( C r  e n t e r s  
t h e  ma t r ix  with i t s  magnetic moment a n t i - p a r a l l e l  t o  t h e  
magnetic moment of t h e  i r o n  and reduces t h e  i n t e r n a l  magnetic 
f i e l d  .) Also, t h e  p r e c i p i t a t e  accompanying 885O F embri t t lement  
i s  repor ted  t o  con ta in  80% C r  and 20% Fe by Johnson e t  a 1  ( 2 1 ) .  
They a l s o  note  t h a t  upon reaching  a  chromium con ten t  of 80%, 
t h e  a l l o y s  cannot e x h i b i t  a  ferromagnet ic  s t r u c t u r e  s i n c e  t h e  
Cur ie  temperature drops t o  O'K. Reported a l s o  i s  t h e  f a c t  
t h a t  t h e  change i n  hyperf ine  f i e l d  i s  d i r e c t l y  p ropor t iona l  
t o  t h e  chromium con ten t  ( i n  a/o) . However, t h e  con'stant of 
p r o p ~ t 3 . o n a l i t y  which r e l a t e s  C r  content  and v e l o c i t y  sepa ra t ion  
of peaks has  no t  y e t  been found. 
Conclusions 
The di5ferenc.e procedure i s  a  v a l i d  method of a n a l y s i s  which 
r e v e a l s  t h e  e f f e c t s  of s o l i d  s t a t e  r e a c t i o n s  which be fo re  could 
no t  b e  observed. The procedure followed f o r  ca rb ide  separa t ion  
does converge f o r  t h e  cases  s t u d i e d  and y i e l d s  reasonable  
percentages  f o r  paramagnetic phases (o ther  than a u s t e n i t e )  and 
t h e  a f f e c t e d  a r e a  o f . t h e  pa ren t  matrix.  The pseudomartensite 
0 33 
separation procedure works well and yields answers within a 
few percent. This procedure could be used for determining 
the percent cold-work of austenitic sheet up to a Pimitin5 
thickness for Mossbauer spectroscopy. 
The 885O F phase was con£ irmed as paramagnetic and 
containing approximately 80% Cr. Also, the depletion of Cr 
from the matrix was found to be uniform. 
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APPENDIX 
EN D  
--- -- - -- - 
S U B R C L T I K E  I  
R E A L X c 4  S G  f 20 
RE-AL5s:ft -CA2!: f 2 9 2  - 
-- -- 
C021I=l p2UQ 
CIFF(I)=S411)-SO(I) 
- .  _ E N D .  L --_-. . . _ -. _ .-- - 
I F I C I F F  ( I ) .&T,- . .C31)C;O_TCl~O-  
- - . -- --- - -- - . - - - -- - - - 
GOTOlCl 
h R I T E ( 6 1 5 5 )  
hR_TTE_(brEJ7) PCT-_ 
57 F C R F t A T ( l X I / / / / / / / / / / / / l O X p  
l a C A K B I C E  C C h T E h T  IS' 1 f = L 0 . 3 1  ' P E P C E & T a  
END 
CALL G j l S E I C $ F ' r  1 0 , ~  1 _ 
-- - - - -- - - -- --- 
C A L L  r'4CRt' I C C P  1 3 )  
C A L L  B A S E ( ~ U S V I C , S ~ )  
C n L L  hCRP ( P U S - ?  B 1 )  
- - 
- - - - - -- 
CALL I h T C G P ( ~ E F ~ C t F ' r C I F F , A L S I  
GCjTCb 
h R I T E ( b V l l ) P C l - , F  
- 1 1 _ _ F C R F ' A T  ( i X _ r l  i C . 5 ,  b t : H  P t 9  
K E T L R R  
E N D  
